Objectives: To provide a comprehensive overview of computerinterpretable guideline (CIG) systems aimed at non-experts. The overview includes the history of efforts to develop CIGs, features of and relationships among current major CIG systems, current status of standards developments pertinent to CIGs and identification of unsolved problems and needs for future research Methods: Literature review based on PubMed, AMIA conference proceedings and key references from publications identified. Search terms included practice guidelines, decision support, controlled vocabulary and medical record systems. Papers were reviewed by both authors and summarized narratively. Results: There is a consensus that guideline delivery systems must be integrated with electronic health records (EHRs) to be most effective. Several evolving CIG formalisms have in common, use of a task network model. There is currently no dominant CIG system. The major challenge in development of interoperable CIGs, is agreement on a standard controlled vocabulary. Such standards are under development, but not widely used, particularly in commercial EHR systems. The Virtual Medical Record (VMR) concept has been proposed as a standard that would serve as an intermediary between guideline vocabulary and that used in EHR implementation. Conclusion: CIG systems are in a state of evolution. Standards efforts promise to improve interoperability without compromising innovation. The VMR concept can assist guideline development even before clinical systems routinely adhere to standards. Frontiers for future work include using the principles learned by computer implementation of guidelines to improve the guideline development process and evaluation methods that isolate the effects of specific CIG features.
In its 1992 monograph, the Institute of Medicine defined clinical practice guidelines as "systematically developed statements to assist practitioner and patient decisions about appropriate health care for specific clinical circumstances" [1] . Many other terms are used to describe clinical practice guidelines including clinical parameters, and practice policies [2] . For the sake of simplicity, this paper will refer to them simply as clinical guidelines. Clinical guidelines have been advocated with increasing frequency to reduce inappropriate care [3] , control geographic variations in practice patterns and make more effective use of health care resources. Guidelines are an intrinsic component of disease management programs [4] , increasingly applied to improve outcomes for patients with chronic illnesses. Another reason for promoting guidelines is the ever increasing quantity of new knowledge available about health interventions. Guidelines are promoted as a means of providing this knowledge to clinicians in a readily digestible form without requiring that they search through large volumes of published material [5] . Increasingly, adherence to guidelines is considered a measure of quality of care [6] and may be used to award managed care contracts, or determine the reimbursement of practitioners. They are now part of well-established quality measurement programs and are increasingly becoming part of mandatory quality programs, such as those of the Joint Commission on Accreditation of Healthcare Organizations [7] . Clinical guidelines have been promoted against a background of data showing that there is a significant gap in the application of the evidence base to clinical practice [8] [9] [10] . Studies in the U.S. and the Netherlands have shown that about 30-40% of patients do not receive care according to current scientific evidence, and about 20-25% of care provided is not needed or is potentially harmful [11, 12] . More recent studies [10, 13] show that these trends persist although they vary considerably by clinical condition and also by geographic location and provider.
Benefits of Guidelines
There is debate about whether or not guidelines result in improved medical care [14] , but there is little question that they are a well-established and increasingly important part of medical practice. Therefore, it is imperative for guidelines to be of the best possible quality. Quality is defined in terms of five objectives specified by Eddy [2] . They must be 1) accurate -producing the intended results 2) accountabledocumenting the reasoning behind the recommendations, 3) predictable -the health and financial consequences IMIA Yearbook of Medical Informatics 2006 should be anticipated, 4) defensiblethe guideline will facilitate resolution of conflicts across policies and 5) usable -capable of being employed in practice. A number of formal efforts have been established to evaluate guideline quality [15] . The Agree Collaboration [16] is a European project to evaluate systematically the quality of clinical guidelines. The AGREE instrument consists of 23 key items organized in six domains: 1) scope and purpose 2) stakeholder involvement of guideline development 3) rigor of development 4) clarity and presentation 5) applicability and 6) editorial independence to avoid conflicts of interest. Shiffman et al published the findings from the Conference on Guideline Standardization (known as the "COGS" statement) to define a standard for guideline reporting [17] . The evidence about whether interventions to increase the use of clinical guidelines improve the process of care is unclear. In 1993, Grimshaw and Russell performed a systematic review of rigorous evaluations of 59 clinical guidelines. In nearly all cases significant improvements were observed as a result of the interventions [18] . Using the process of care as a measure of the benefit of clinical guidelines is circular reasoning to a degree because the measures of care are generally those specified in the guidelines. A small minority of these studies examined actual clinical outcomes, but where they did, the majority showed a favorable effect [18] . On the other hand, Worrall et al. found that only a minority of guideline interventions provided statistically significant benefits [19] . In 1999, Shiffman performed a systematic review of 25 studies of computer-based clinical guideline systems [20] . Adherence to guidelines was improved in 14 of 18 studies that evaluated it. Documentation was improved in all 4 studies that reported it. In 8 studies that reported "clinical outcomes", quasi-clinical outcomes (cost or completion of advanced directives) only 3 showed improvement.
Guideline Dissemination (Implementation)
Most guidelines are issued either as published articles, as specialized monographs or both [21] . In either case, such guidelines often have little impact on clinical practice either because clinicians are unaware of them or because the guideline is not accessible during the provision of care [18, 22, 23] . Tunis et al. showed that physicians were poorly informed about the details of several well-established guidelines yet claimed knowledge of a non-existent guideline presented in the study as a control [24] . Ellrodt et al. showed that only a small part of non-compliance with guidelines resulted from disagreement with them. The remainder resulted from other factors including implementation issues [25] . More recently, studies have shown barriers to adoption of guidelines by physicians, including lack of awareness and unfamiliarity with guidelines, and inertia of previous practice [26, 27] . Moreover, guidelines can suddenly become obsolete in the face of newly published research or the availability of new tests and treatments. For example, the Adult Treatment Panel III (ATP III), the most widely accepted guidelines for management of hypercholesterolemia, were published in 2001 [28] . Since then, and long before a revision of the ATP III guidelines were planned, several major clinical trials resulted in important modifications of the goals set in the original guidelines [29] . A variety of approaches have been used to computerize guidelines. At the most rudimentary level, some of these are merely electronically readable versions of text guidelines. Guidelines that provide immediate as opposed to delayed feedback to clinicians have been shown to be superior in their effects on clinicians [30] . Furthermore, Weingarten [19] showed that when computer-based reminders stop, compliance with the guideline declines to its baseline [31] . Thus, optimal benefit from guidelines requires that such guidelines be built into existing clinical information systems [30, 32] . Guidelines available only "on line" via telecommunication services are, in general, not available during the process of care and given the current state of the art, not linked to patient attributes. Electronic publication potentially may bring the content of guidelines to the point of care, but may not make them easily usable [33] . For example, the National Guideline Clearinghouse (NGCH) [www. guidelines.gov], an online reference source maintained by the Agency for Healthcare Research and Quality (AHRQ) is comprehensive, but guidelines are presented in a variably structured text format. Each guideline is provided with a summary, which summarizes the important recommendations. The summaries are a significant advance over manual methods of reviewing guidelines. However there may be multiple competing guidelines for a single clinical problem, and it may take too long to find a specific guideline for a clinical problem and then to find the portion applicable to a given patient. The full guidelines may be very lengthy documents, and the actual full text may reside on another web site, which may be inaccessible to the clinician without a subscription to a journal or membership in a professional society. The NGCH is a very important reference tool but not ideally suited for use by a busy clinician during clinical encounters.
A clear consensus has emerged that clinical guidelines should be deployed through clinical information systems and made available during clinical encounters. More and more, the literature on the effects of deploying clinical guidelines has focused on computerbased interventions [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . While many of these focus on simple reminder systems, many others represent increasingly complete presentations of entire clinical guidelines. Not all of the studies are positive. Tierney et al. found that a sophisticated electronic health record (EHR) system, did not increase compliance with guidelines for congestive heart failure of the Agency for Health Care Policy and Research (AHCPR, now AHRQ) [44] . Montgomery et al. found that chart reminders were effective in lowering blood pressure but that there was no additional benefit to adding computer-based decision support [45] . Ansari et al. [46] found no benefit from computerized physician reminders to use beta blockers in patients with heart failure, but did find benefit from a nurse-facilitator to carry out the intervention. In Montgomery's study [45] , unassisted physicians did a poor job of assessing patients' risk [47] . This was improved by provision of a risk chart but adding computer-based decision support did not provide any additional benefit. There are many reasons why use of guidelines may not be demonstrated to be effective in clinical care: 1. Historically, clinical guidelines have addressed population-based recommendations [48] . Recommendations may not be suitable for specific patients. Moreover, Wetter [49] pointed out that most guidelines are diagnosis oriented and are thus not always well-suited to the more common problem-oriented nature of patient encounters. 2. Guidelines may be logically incomplete; they may not cover all possible clinical scenarios (combinations of patient characteristics) [50] . 3. The guidelines themselves may be of poor quality in reflecting the current evidence-base [51] . In part this may reflect the methods used to develop the guidelines [52] . 4. Guidelines often employ concepts that require knowledge not contained in the guideline document. In our analysis of the vocabulary requirements of two clinical guidelines [53] we encountered a number of necessary concepts that were not defined within the guideline. For example, the term "high coronary disease risk" is defined in an external reference [54] . A user of the guideline would have to retrieve that reference in order to identify the 7 variables that comprise the concept. Some terms, like the term "end-stage heart disease" which appears in the JNC 7 guideline, and even very mundane terms such as "older patients", "children", and "adolescents" [55] are not defined or referenced in the guidelines. Proper interpretation, therefore, depends on the general medical knowledge of the clinician. Aside from making application of guidelines difficult, missing definitions can result in variability of implementation from one clinician to another. Another example of necessary external knowledge is knowledge about classes of test or treatments. For example, a guideline may specify that a drug from a specific class (e.g. angiotensin converting enzyme (ACE) inhibitors) should be used, but the guideline itself does not specify which drugs belong to each class. A guideline may even make a recommendation such as "choose another drug from the same class" assuming that the clinician will know the alternatives drugs for each class. This knowledge could be provided by the EHR or by the guideline system.
5.
Missing knowledge in guidelines may also occur in the form of vague or ambiguous language [56] . Codish and Shiffman [56] distinguish vagueness from ambiguity. Vagueness in guidelines refers to imprecise specification of a recommended action, a decision criterion or the definition of a term. Ambiguity refers to statements which can have multiple interpretations.
Consider the following statement from the JNC VII hypertension guidelines [55] : "[Hypertension in older individuals] In many individuals, lower initial drug doses may be indicated to avoid symptoms; however, standard doses and multiple drugs are needed in the majority of individuals to reach appropriate BP targets". The term "older individuals" is vague because it is not defined anywhere in the document. The statement is ambiguous, because it is not clear whether the recommendation is to start with lower doses or standard doses in older individuals. Vagueness is often introduced intentionally to reflect a lack of consensus, or imprecision about recommendations [57] . Ambiguity, though possibly deliberate due to lack of consensus, is more likely to be inadvertent. Their resolution poses a challenge for faithful encoding of the original authors intention and the ability to achieve reproducible application of guidelines. The term "clinical judgment" is often used in clinical guidelines to indicate that precise decision criteria are not specified in the guideline and are expected to be supplied externally by the clinician using unspecified means. This suggests that such guidelines were not designed to be applied automatically by computers, since they implicitly assume clinician responsibility for the stated clinical judgment. Clearly, then, the deployment of clinical guidelines in clinical information IMIA Yearbook of Medical Informatics 2006 systems is not, by itself, sufficient to result in successful implementation. Despite these mixed results, there is a consensus that clinical guidelines are beneficial and that the most effective way to deploy them is through clinical information systems by making them computer-interpretable. The remainder of this paper will examine the content of clinical guidelines, and will review the array of representation schemes and the processes involved in deploying them in clinical practice.
Comparison of Computer Interpretable Guideline (CIG) Systems
There are a number of existing formalisms for expressing CIG's and these have been the subject of several comprehensive reviews [48, 58, 59] . This paper will not attempt to reproduce those detailed comparisons. Instead, we will summarize the key guideline elements and implementation activities and attempt to indicate where each formalism fits into the progress toward deve lopment of guideline implementation standards and more widespread deployment of guideline support in the EHR. In one comparison between CIG systems that use a Task Network Model (TNM) representation, Peleg [48] identified the following common features of CIG models: 1) support for the Task Network Model (TNM); hierarchical decomposition of guidelines into networks of component tasks that unfold over time. This has been referred to as the "task-based paradigm" 2) support for sequential, parallel, cyclical and iterative plans. 3) multiple "entry points" (patient states) into a guideline. 3) clinical actions which include treatments and information gathering (including order-ing tests). 4) temporal constraints on start times of guideline plan components (but they differ in ability to specify end time and duration). 5) deterministic decision criteria for "switching" among different mutually exclusive alternative plans 6) abstractions: general concepts that encompass a class of specifics, which can be used to characterize temporal, definitional, terminological or scenario concepts. 7) representation of patient data Arden Syntax [60] is the best established framework for providing decision support in EHR's. Established in 1989, it was recognized in 1992 as a standard by American Society for Testing and Materials (ASTM) [61] . Arden consists of Medical Logic Modules (MLM's) which are collections of rules that invoke specific actions. The relative simplicity of Arden MLM's, allows for integration within medical record systems to provide reminders, and translation into other representations such as the Guideline Interchange Format (GLIF) [62] and Guideline Elements Model (GEM), It has also been demonstrated that GEM-encoded guidelines can be used to generate MLM's [63] . As with any CIG system, clinical terms in MLM's must be implemented and integrated with clinical systems of local institutions. Since the encoding of such terms is embedded directly in the Arden Syntax within curly braces ({}), this has come to be known as the "curly braces problem" [59] . While the decision logic of MLM's supports sharing across institutions [64] , this need for local implementation greatly increases the effort required to share Arden-specified guidelines. In addition, there is no overall control structure for the execution of MLM's which limits their ability to represent complex plans. Because of these limitations, some authors argue that Arden should not be considered as a fullfledged CIG system [48] .
The EON system [65] is one of the earliest comprehensive CIG systems. Developed at Stanford University, it is a precursor of systems such as GLIF and SAGE and continues to be developed as a research system. Notable features of EON compared to previous systems include use of a general-purpose ontology/framework editing system (Protégé), mapping of terms to a controlled vocabulary and an extensible conceptual framework that supports the modeling of a network of successive decision tasks [48] . These systems are thus called Task Network Models. EON continues to evolve with its descendants such as GLIF, including incorporation of the virtual medical record [66] (VMR) concept (see "Standards" below) which attempts to address the "curly braces problem" ProFORMA [67] , developed at the Advanced Computation Laboratory of Cancer Research in the UK, has a number of distinctive features. It is based on an underlying modeling language, R 2 L, and a graphical display language Arezzo that is strongly goal-based [48, 58] . The Asbru [68, 69] guideline modeling language was developed jointly by Ben-Gurion University and the Vienna University of Technology. Like ProFORMA, it is goal-based, with goals referred to as "intentions". It is particularly advanced in modeling temporal aspects of guidelines. GUIDE [70] , developed at the University of Pavia in Italy, introduces two distinct features. One is the use of a formal model (Petri nets) to model guideline workflow [58] . The other distinct feature is use of formal decision analytic models for decision making [71] . Adding a decision analytic component to clinical guidelines is one way to achieve one goal of guideline delivery systems proposed by Eddy; predicting the consequences of alternative actions [2] . GLIF [72] [73] [74] is an effort by the Intermed Collaboratory, a collaboration of researchers from Stanford, Harvard and Columbia to develop a sharable CIG representation. GLIF was developed with the same guideline modeling language (Protégé) as EON. The first iterations of GLIF lacked a formal specification of guideline steps and mapping of data elements from the guideline to the EHR [59] . A later version, GLIF3, introduced a more formal object-oriented model and a structured Extensible Markup Language (XML) syntax fully specified by the Resource Description Framework (RDF) [75] . The latest version of the object-oriented model, originally called GEL (Guideline Expression Language) is known as GELLO and is being considered by HL7 as a standard for a query and expression language [76] . GLIF has also adopted a medical data model based on the HL7 Reference Information Model (HL7-RIM) specification which provides support for the virtual medical record (VMR) concept [27] . In addition, GLIF3 has been augmented with GLEE, a guideline execution system [77] . , which may be composed as graphs of Context Nodes, which specify assumptions (e.g. a physician in an emergency room) about the setting in which care is provided, Action Nodes, which specify information system activities carried out in support of the guideline, Decision Nodes, and Routing Nodes, which control overall execution of a guideline protocol. Routing nodes, analogous to the synchronization steps in GLIF, EON and GUIDE, specify the process by which choices are made. Decision nodes are a particularly interesting addition to guideline representations, in that they allow for the inclusion of "bound models" which may be formal utilitybased or neural network decision models to make choices among alternatives [48] . As with most modern systems, SAGE makes use of standard concept codes such as SNOMED-CT and LOINC which are found in the UMLS, and places particular emphasis on incorporating the VMR concept. A notable application of the SAGE methodology is implementation of hypertension guidelines in the ATHENA project [80, 81] which involved incorporation of SAGE-based decision support into the EHR in use at Veterans Administration clinics [82] . A number of other notable systems have been developed and reported. These include DILEMMA/PRESTIGE [83] from the United Kingdom NHS Information Management Centre, and GASTON from the University of Maastricht [84] . Detailed comparisons of these systems and supporting references may be found at the OpenClinical web site (www.openclinical.org ). At this time, there is no dominant CIG framework and no system that is in widespread clinical use outside of the institution in which it was developed [27] . The major systems are summarized in the Table.
Document-centric Approaches
A different perspective on the representation of guidelines in computer-interpretable form is taken by several groups that consider the original guideline document to be the reference repository of guideline specification. This is called the "document-centric approach" [57] to distinguish it from the "knowledge base-centric approach" taken in many of the above systems. The original guideline document is either marked up, or annotated to produce a more structured format with well-defined semantic elements. This process can be carried out in stages, initially using markup to identify elements and later assigning these elements to specific semantic tags. Markup approaches can help alleviate some of the difficulty in encoding guidelines in specialized computer languages or knowledge-based representations. This approach offers the possibility that at least, the earlier stages of the transformation can be performed by operators (e.g. clinicians) not skilled in programming. The desired result is transformation of clinical guidelines from a textbased document (which is how guidelines are usually available) into a formal representation that can be used by the execution software [85] , while retaining links to the original document. The best-known document-centric approach is the Guideline Elements Model (GEM) [86, 87] . Rather than programming a guideline in computable code, GEM begins with the original narrative guideline text and has an operator use a special-purpose editor (GEM-Cutter; http://gem.med.yale.edu/ GEM_Cutter/gem_cutter.htm) to copy text segments into guideline elements which the editor arranges graphically in a hierarchy. The result is an Extensible Markup Language (XML) document containing the selected guideline excerpts, labeled as elements that are delimited by corresponding markup tags. GEM has more than 100 elements based on guidelines found in the Institute of Medicine's Guideline Appraisal Instrument, the National Guideline Clearinghouse [www.guidelines.gov], and the augmented decision table guideline representation [50] . Major concepts relate to a guideline's identity, developer, purpose, intended audience, method of development, target population, knowledge components, testing, and review plan. Knowledge components in guideline documents include recommendations (which in turn comprise conditionals and imperatives), definitions, and algorithms [87] . Arden MLM's [63] have been encoded auto-matically from GEM and the elements in the guideline checklist developed by the Conference on Guideline Standardization [17, 88] were derived from this representation. ASTM has adopted GEM as a standard [27] . GEM is considerably richer than other systems in specifying details of the guideline development process (e.g. authors, purpose, intended audience, versions, and the consensus process).However, to date, although it has been shown that GEM decision elements could potentially be mapped to GLIF models, the GEM representation has stopped short of extending to integration with clinical systems [57] . It may thus be thought of more as a guideline specification than a computer-interpretable guideline representation. Methods such as ActiveGuidelines [89] and the Hypertext Guideline Markup Language (HGML) [90] also begin with the original guideline text document (transformed into HTML) and use an editor to mark up the document by selecting text segments and enclosing them in tags. Unlike GEM, ActiveGuidelines and HGML insert tags directly into the original document, thereby producing an XHTML document which contains the entire original text as well as tags representing statements, variables, conditions and recommendations. The use of XML style sheets and Extensible Stylesheet Language (XSL-http://www.w3.org/ Style/XSL ) translations permit viewing the marked-up guideline in a variety of formats including the original text, the original text with color coding or annotation indicating the semantics of the text (as encoded by the embedded/surrounding markup tags), and purely XML structured formats showing the individual elements displayed hierarchically. An important distinction from many of the other XML systems Table 1 Computer-interpretable Guideline Systems ing text documents. Based on the experience that even the markup process involves an encoding bottleneck, several researchers have begun to explore semi-automated identification of concepts in text-based guidelines by identifying candidate condition and recommendations and potentially presenting them to an operator who chooses the best candidates for encoding. This may involve methods such as the identification of concepts from the UMLS metathesaurus [93] , or parsing of deontic verbs [94] . By applying natural language processing and machine learning techniques, we hope to improve the accuracy by which the encodings and candidate concepts can be identified and mapped to variables or actions in the EHR (or via a VMR) [53] , and thus alleviate some of the burdens of the encoding process.
What's in a Guideline?
Definition: The literature on computerinterpretable guidelines (CIG's) collectively has defined the elements that comprise guidelines. The term "guideline" means different things to different people. Some see guidelines as recommendations for specific contexts, while others view them in terms of flowcharts, graphs or workflows. In common use, a "guideline" refers to both single recommendations for specific patients (e.g. use of ACE inhibitors in diabetics with hypertension or proteinuria) and collections of related guidelines, such as the JNC 7 hypertension guidelines [55] which all address hypertension but in a wide range of clinical circumstances or the ATP III guidelines for management of hypercholesterolemia [28] , which also addresses a wide range of clinical circumstances including screening of healthy patients, those with heart disease and those with other chronic diseases such as diabetes. In keeping with the generally-accepted Institute of Medicine definition, a guideline can be any statement that provides a recommendation for an identifiable group of patients or circumstances. The following are elements common to all guidelines: Patient States: CIG's all require a means of describing a patient. This is variously referred to as "patient states" (GLIF), "scenarios" (EON and PRODIGY) or "contexts". The term context is particularly appropriate because it coincides with the widely used term "clinical context" which refers to a specific clinical circumstance. Contexts are defined in terms of intrinsic patient variables. The challenge has been that to date, commercial EHR systems have generally used proprietary patient data schemes which require matching of patient variables in an ad hoc manner. Effort must be duplicated not only for every system, but frequently even for different sites using the same system. The VMR concept promises to greatly reduce the variability of this process. While assigning standardized vocabulary to clinical observations on the patient record side and to decision variables on the guideline side is critical to sharable guidelines, there is as yet no agreement on the precise standard vocabulary that should be employed. UMLS, including SNOMED is not ideally suited for this purpose because it was developed primarily for identifying static concepts (e.g. disease states, tests or treatments) and lacks representation of attributes of specific instances (e.g. dates, durations, doses, in relation to specific patients), and the temporal and procedural components of clinical practice. The original HL7 specification is largely a messaging standard for com-is that this approach produces an XHTML document which consists of the original document annotated with additional semantic tags. All of the document-centric approaches are complimentary as it is theoretically possible to perform each encoding in such a way that guidelines can be translated back and forth among representations. Recently, Eriksson et al. [91] described a document-centric approach that annotates documents in the Portable Document Format (PDF) with knowledge representation components. Advantages of this approach include preserving the "look and feel" of the original published guideline document and the fact that the PDF format is well-suited to displaying very large documents in a web browser. Furthermore, by annotating rather than adding markup, problems resulting from overlapping scopes of markup tags from different semantic perspectives are avoided. Other approaches to guideline markup include the Guideline Markup Tool (GMT) which also produces a formal representation in XML [85] through a successive markup process. The approach has been illustrated primarily to edit Asbru protocols [85] , although additional formats such as GEM are possible as well. Shankar [92] describes a bridge approach that links formal knowledge structures of the knowledge base-centric approaches such as GLIF and EON with the natural language style of the guideline text in document-centric approaches. Rather than using explicit links between the two representations as in the other document-centric approaches, this is accomplished using "soft links" that involve queries whose answers are associated with the original text. This approach addresses directly the problem of updating encoded CIG's when changes are made to the underly-municating results from one clinical information system to another. The HL7 Reference Information Model (RIM) [95] is an attempt to create a shared information model for the EHR and decision support systems [96, 97] . The HL7-RIM is based on the Unified Service Action Model (USAM) which describes all events in terms of an action that was responsible for collecting information about the event [97] . HL7-RIM has been adopted as the patient information model for GLIF [74] and serves as the basis for the virtual medical record (VMR) used by GLIF, EON [65] , Prodigy [98] and SAGE. Execution States: Another aspect of the clinical context for application of a guideline is representation of the state of guideline execution. Thus, a CIG system must "know" not only the state of the patient, but must also know what guideline steps have already been applied, and where in time a clinical encounter fits in relation to previously performed and planned guideline steps. Explicit modeling of this aspect of the context as execution states is a component of the DILEMMA/PRESTIGE, PROforma, and Asbru approaches [58] . To some extent execution state could be incorporated implicitly into the triggering conditions in rule-based representations (such as Arden, HGML, or GEM) but this would not have all the advantages of an explicit representation. Eligibility Criteria: All guidelines have eligibility criteria that determine to whom and in what setting the guideline applies or, in many cases, which of many subguidelines applies to various subsets of a patient population. Thus, the asthma guidelines of the National Heart, Lung And Blood Institute (NHLBI) have separate sections for chronic management, for management of acute exacerbations and for children [99] . Modeling of eligibility includes explicit representation of inclusion and exclusion criteria as well as exceptions.
Triggers that indicate to a decision support system that an available guideline applies to a patient at a specific time also must be part of any CIG system. Goals: Goals are important guideline concepts both in terms of satisfying the overall requirements of a guideline and also as intermediate concepts in the application of complex guidelines. For example, control of hypertension" is a general goal for the JNC 7 guidelines, but the specific concept goal systolic blood pressure is an initially unbound variable in application of the guideline that is instantiated based on specific patient criteria [55] . Another example is the goal low-density lipoprotein (LDL) level in the ATP III cholesterol management guidelines. The specific value of the LDL goal differs depending on several patient characteristics [28] . However, the overall control of portions of guideline execution (e.g. treat-observereconsider treatment) can be specified without quantifying the goal. A CIG implementation ideally, should account for these differences and also permit modifying the target goals as new scientific evidence becomes available [29] . Goals may necessitate more complex control structures for treating and observing (waiting steps) and iteration in treat-observe-reconsider cycles. Classification Schemes: Many guidelines depend on classification schemes and risk calculators. Examples include the guidelines for community acquired pneumonia [100] which includes a Pneumonia Severity Index, the ATP III guidelines [28] which incorporate a predictor of coronary artery disease risk based on the Framingham risk score and the asthma guidelines which incorporate a measure of asthma severity [99] . Some of these classification schemes are purely categorical and others result in a con-tinuously variable quantitative measure of risk. A CIG implementation should not only represent the variables needed to perform these risk assessments, but should provide an automated mechanism for performing the risk assessment, using it in the guideline decision logic and explaining it to the clinician. As we noted above, decision analytic models offer one means of predicting consequences of diseases or treatments and can thus potentially serve to estimate risk in guideline application. Decisions: Clinical guidelines typically involve decisions involving choices among alternative strategies or treatments. These choices may involve simple alternatives of treatment (one drug vs. another) or entire alternative guideline pathways. Choices may be unconditional in that they apply to all patients (or at least all who are meet the eligibility criteria for the guideline) whereas others specify alternatives that depend on specific criteria. These criteria may be logic-based and deterministic (e.g. if a and b then do x) or may depend on more complex heuristics. In either case, presented in a specific context, there will often be more than one competing choice, for which some method will need to be used for conflict resolution. ProFORMA is particularly strong in representing heuristics based on preferences [48] . GUIDE uses a heuristic based on formal utility theory [48] . Alchemist, developed at Stanford University and Duke University [101] uses a decision analytic model to generate a guideline reflecting the knowledge in the model. Thus, in a sense, Alchemist is the inverse of a CIG system; it creates a guideline from a knowledge representation. Actions: Guidelines contain actions which consist of treatments, information gathering steps (including ordering of diagnostic tests) and provision of advice. To represent time delays while requested information is obtained or to observe the results of initial treatment guidelines contain wait steps [58] which are represented explicitly, but in different ways in the various CIG representations. EON and PRODIGY differentiate between actions (instantaneous actions) and activities (plans that are carried out over time) [58] . Guideline actions may be arranged into plans in various ways, although not all systems try to do this. Plans may be sequential (one step following another in a fixed order), parallel (branching into alternative pathways that may converge at a subsequent step), or cyclical/iterative, involving repeated cycles of treat-observe-decide. A plan may contain all of these elements. In Asbru, a plan is decomposable into subplans; when subplans are non-decomposable, they are referred to as actions [59] .
Standards
Over the past decade, the U.S. Federal Government's National Library of Medicine has made available the Unified Medical Language System (UMLS) [102] , which now incorporates many independently developed terminologies such as the Systematized NOmenclature of MEDicine Clinical Terms (SNOMED-CT) [103] and Logical Observation Identifiers Names and Codes (LOINC) [104] . While much ongoing research is being devoted to improving this semantic structure with more formal ontologies, it has formed the basis for a composite standard terminology. Ongoing research is aimed at using this terminology in conjunction with additional standards such as the Reference Information Model (HL7-RIM) to describe the contents of medical records [66, 79] .
Arden syntax was the first recognized standard for representation of medical procedural knowledge. It is the most widespread in terms of application, being incorporated into the decision support of clinical systems by several large commercial software vendors. However, Arden syntax has three important limitations that make it unsuitable as a comprehensive guideline formalism. First, implementation of recommendations must be specified uniquely for each application site. Referred to as the "curly braces problem" [96] this problem is not unique to the Arden syntax. Second, Arden syntax rules are modular, and although one Arden rule may invoke another, there is no explicit control structure as there is in the TNM-based guideline representation formalisms [59] . Third, as it stands, the Arden data model is overly simplistic and gives rise to incompatibilities with more expressive data models such as the HL7-RIM [27, 96, 105] . Medical concept models are important for CIG implementation. However, "a standard medical concept model is currently out of reach because existing vocabularies have not been explicitly designed for clinical decision support and have limitations for such applications" [48] . The VMR (Virtual Medical Record) [66] concept has been introduced as a solution to the diversity of terminology standards in use in clinical information systems and a similar diversity of terminology in CIG representations. In the VMR, a standard set of concepts is mapped to guideline knowledge. Local adaptation to specific EHR systems would require mapping only to the VMR rather than to each different CIG system. Guideline developers could thus accommodate widespread implementation by mapping only to the VMR. The VMR currently is being considered by HL7 as a stan-dard [78] . This would be an important step toward the development of interoperable guidelines that do not need to know the details of the eventual implementation system. As noted above, GEM has been endorsed by ASTM as a standard [27] . Because it has de-emphasized implementation, GEM serves more as a guideline specification standard than a CIG standard. It is especially well-suited to considerations of guideline documentation [17] and evaluations of guideline quality [88] .
Discussion
This paper assumes the usefulness of clinical practice guidelines and also that computer-interpretable guidelines are the best way to deliver guidelines to clinicians. We do not address in this paper how guidelines are developed; only how they are translated into practice. Although some of the CIG systems have guideline authoring components, we believe that the tools considered here should be thought of primarily as translational tools to bring established guidelines to clinical practice. It is sufficiently difficult to assess whether or not this translation is accurate and functional, without muddying the water by considering what constitutes the best guideline for a specific clinic problem. While some systems, notably GEM do bear on guideline quality, this is a retrospective consideration, after authoring of the guideline. On the other hand, the lessons learned from CIG systems have clarified the shortcoming of existing natural language text representations of clinical guidelines, including ambiguity, vagueness of recommendations and failure to use standard terminology or standard definitions of medical concepts and observations. These lessons should be fed back to guideline developers. There is a debate about the value of the document-centric approach. Its proponents argue that the original text-based document represents the closest representation to the original intent of the developers. In addition, the original text guidelines typically include background information such as epidemiology and pathophysiology, and cite the evidence on which the guideline recommendations are based. This provides additional support for clinicians who want to know more about the basis for guideline recommendations and may wish to see the evidence for themselves. Preservation of and linking to the original guideline document as part of the representation scheme will provide this additional knowledge. In cases of ambiguous or vague recommendations, it also will give clinicians the ability to see how the source document was worded which may clarify the original intent. In contrast, it has been argued that the document-centric approach leaves a gap between the "idealized document model" and specific guideline implementation in a local clinical environment [106] . Waitman and Miller estimate that 90% of the effort required for successful guideline implementation is local and only the remaining 10% involves "getting the document right" [106] . They argue, correctly that textbased guidelines are geared to average patients and may not suit an individual. Moreover, text-based guidelines (or any standardized formal guideline) fail to take into account local factors such as availability of services. Another valid criticism of a document-centric approach is that maintaining a guideline in multiple formats increases the effort involved in maintaining guidelines as they are modified over time. Encoding by way of a markup approach would have to be largely redone from scratch when a new version of a guideline is issued. However, this criticism applies also to knowledge base-centric approaches. Approaches that link the text-based representation with the formal knowledge-based representation such as the bridge approach described by Shankar et al. [92] suggest the possibility of both representations being modified together. To this end, it seems desirable to have guideline developers work with knowledge engineers to develop CIG's collaboratively by simultaneously developing both representations. While Waitman and Miller's estimate of the amount of effort required for local adaptation probably is accurate given the current state of the art, it does not seem to anticipate the likely benefits from standardization of EHR's and the National Health Information Infrastructure (NHII [107] ). The promise of these developments is that local effort is likely to decrease substantially over time. Moreover, the guideline development process itself is likely to benefit from increasing awareness of standards development efforts such that deficiencies in guideline documents such as incompleteness, vagueness, ambiguity and lack of attention to standardized vocabulary will be reduced or eliminated. Finally, it is our belief that to a large extent, differences of "local practices" from guideline recommendations are undesirable and can be minimized by application of clinical guidelines. Computer implementation may result in CIG's that differ from the intentions of their developers. By enforcing completeness, the implementer may introduce certainty not intended by the guideline developers. The sometimes intentional vagueness of guidelines may result from gaps in the evidence base. Some situations do not permit conclusive recommendations or cannot dis-tinguish among competing alternatives on any rational basis. We propose that in order to represent vagueness, that CIG representations explicitly incorporate representation of evidence uncertainty. Some clinical contexts will necessarily result in "no recommendation" and these situations should be clearly indicated. Similarly, advice to apply "clinical judgment" should be represented explicitly. More complex decision techniques may be required to resolve these situations. One method is the use of decision analytic models and simulations to predict the consequences of alternative plans and to select among them using a utility-based formalism [108] , as in the explicit modeling of decisions incorporated into the SAGE guideline specification [78] using "decision nodes". Another argument in favor of formal decision models in guideline deployment is that existing CIG formalisms address overall control of only a single guideline. Applying all applicable guidelines accurately and effectively, may have unintended consequences including burdening patients with multiple treatments, drug interactions and burdensome regimens [109] . Few practice guidelines address the effects of combining their recommendations with those of other guidelines. In addition, many of the recommendations may have little benefit to elderly patients or those with chronic illnesses. While this is an extremely difficult problem, a future goal of guideline implementation systems should include providing methods for estimating the benefits sets of guideline recommendations for a specific patient and prioritizing those that promise greatest benefit and costefficiency [110] . The principles learned from efforts to make guidelines computer-interpretable should be applied to future guideline development. Standardized terminology and nomenclature should be used to ensure that guidelines reflect clinical observations as they are collected in EHR's. Where EHR's use non-standard terminologies, translation mechanisms must be provided to link the EHR terminology with that used in guidelines. Effort must also go into engineering clinical work flow to collect data that is in a useful format for decision support. For example, a guideline that is based on knowing whether a patient has left ventricular hypertrophy [55] will not be supported by an EHR that has only a digitized image of an electrocardiogram (EKG), or even a standard echocardiographic or EKG report stating "left ventricular hypertrophy" unless that observation is stored in a variable that is linked to the guideline logic. This disconnect has been referred to as the "impedance mismatch" between the EHR and decision support [97] . We disagree with the conclusions of Waitman and Miller [106] that most of guideline implementation work should address local adaptation. Clearly, better methods need to be developed for adapting guidelines to local practices, but we believe that working towards national standards for guidelines is useful and will improve quality of guidelines and decrease the amount of work a single institution has to do in order to employ them. Accommodating local variability into a standardized approach seems to us a much more productive endeavor than planning on extensive local customization of implementation. Nevertheless, at this time, we are a long way from having a universal clinical data model that would enable sharable guidelines to be used in multiple institutions without a significant effort at local adaptation. Efforts related to the national health information infrastructure (NHII) [107] will accelerate movement toward a universal clinical data model that can be adopted as a standard. Indeed, as pointed out by Jenders and Sailors [27] , a guideline representation standard is but one component of a comprehensive information infrastructure. The VMR approach referencing a virtual medical record [66] that can be mapped locally to EHR systems acknowledges that for the foreseeable future, clinical information systems will have important proprietary and local differences. It may not yet be time to settle on a single consensus model since various research groups continue to explore the unique features of their own implementations [48] . This approach will permit important research and development work to take place while standards adoption evolves. A number of issues have not been sufficiently addressed by research efforts to date. One such issue is smoothly linking the updating of clinical guidelines to their computer-based implementation and deployment. Another issue is establishing more formal definitions of what it means to satisfy a clinical guideline. Since compliance with guidelines is increasingly used to evaluate and reward clinicians, both the updating and measurement of compliance need to be incorporated into the process of care. This will require more than just sophisticated technology. Both clinicians and the management of healthcare enterprises will have to become active participants in these efforts. The field needs more rigorous evaluations of various aspects of CIG representations. Such evaluations should be designed to distinguish clearly the effects of the guidelines themselves from the effects of computer implementation in general and from specific implementation features. In order to do this, evaluations will have to use carefully designed controls in order to isolate the changes being studied. Thus, in order to evaluate whether a particular format of computer-based guideline presentation provides additional benefit over previous formats, a study should compare two CIG implementations, one with the feature and one without. We offer as a starting point, the identification of several steps in the guideline implementation process that should be important foci of evaluation. 2) Implementation 
1) Guideline Encoding Process

3) Evaluation of the CIG System
• What is the best form for CIG output? Does a simple list of recommendations, a set of recommendations with available detailed explanations, or automatic construction of test and treatment orders achieve the best results? • Accuracy of the output. Do the outputs of the CIG accurately reflect the knowledge in the original guideline for all possible clinical scenarios? To this end, we recommend establishment of a set of reference cases, guidelines for which a correct set of outputs is agreed upon by a group of clinical experts. The output of an experimental system can then be compared to the reference set. The reference cases should cover a range from simple guidelines (e.g. when to perform mammograms) to complex disease-management guidelines (e.g. asthma management). In the future, it will be important to carry out comparative evaluations of alternative CIG systems, as most studies to date have compared new systems with traditional non-system approaches. Finally, we encourage continued efforts to assess the quality of published clinical guidelines according to accepted criteria such as the COGS statement [17] or the AGREE instrument [16] and by newer criteria that address implementability of guidelines [111] . It is to be hoped that in a manner similar to that in which the conduct and reporting of clinical trials in the medical literature has been reshaped by rigorous standards for reporting, that the quality and implementability of clinical guideline development and publication will be improved.
